Time-dependent variability in mood and anxiety suggest that related neural phenotypes, such as threat-related amygdala reactivity, may also follow a diurnal pattern. Here, using data from 1,043 young adult volunteers, we found that threatrelated amygdala reactivity was negatively coupled with time of day, an effect which was stronger in the left hemisphere (b ¼ À0.1083, p-fdr ¼ 0.0012). This effect was moderated by subjective sleep quality (b ¼ À0.0715, p-fdr ¼ 0.0387); participants who reported average and poor sleep quality had relatively increased left amygdala reactivity in the morning. Bootstrapped simulations suggest that similar cross-sectional samples with at least 300 participants would be able to detect associations between amygdala reactivity and time of scan. In control analyses, we found no associations between time and V1 activation. Our results provide initial evidence that threat-related amygdala reactivity may vary diurnally, and that this effect is potentiated among individuals with average to low sleep quality. More broadly, our results suggest that considering time of scan in study design or modeling time of scan in analyses, as well as collecting additional measures of circadian variation, may be useful for understanding threat-related neural phenotypes and their associations with behavior, such as fear conditioning, mood and anxiety symptoms, and related phenotypes.
Introduction
Despite widespread evidence that time of day is a strong modulator of behavior across species [from basic physiology to complex cognitive function (Herzog, 2007) ], neuroimaging studies do not typically consider the potential effects of time of day on behaviorally-relevant neural phenotypes. This may be especially important for neural phenotypes that have been linked to forms of psychopathology characterized by diurnal disruption [e.g. sleep disruption in anxiety and unipolar and bipolar depression (American Psychiatric Association, 2013) , diurnal cortisol dysregulation in depression (Doane et al., 2013) ].
Considering time of day in neuroimaging studies may provide more precise estimates of neural function, enabling the detection of brain-behavior relationship with greater accuracy. Further, it potentially may even yield unique time-dependent associations with behavior and psychopathology risk that inform not only our understanding of basic biological processes regulating behavior, but also efforts to treat dysregulated mood and anxiety.
The amygdala is critical for learning the emotional significance of stimuli and effecting adaptive changes in behavioral vigilance and physiological arousal in response to environmental triggers including threat (Phelps and LeDoux, 2005) .
Circumstantial evidence suggests that threat-related amygdala function may vary diurnally. First, heightened amygdala reactivity has been linked to neuroticism, depression, and anxiety disorders, which are characterized by circadian disruption (Etkin and Wager, 2007; Chen et al., 2011; Binelli et al., 2014; Hilbert et al., 2014) . Moreover, there is evidence that human mood varies diurnally, with negative affect peaking in the morning and declining over the course of the day, while positive affect shows an opposing relationship (Clark et al., 1989; Geraci and Uhde, 1992; Wirz-Justice, 2008; Ayuso-Mateos et al., 2013) . Second, amygdala reactivity is positively correlated with circadian changes in physiology, particularly circulating cortisol concentrations, which peak during morning hours (Urry et al., 2006; van Stegeren et al., 2007; Merz et al., 2013; Weldon et al., 2015; Henckens et al., 2016) . Third, amygdala-dependent behaviors, such as fear conditioning and extinction, are potentiated during species-specific active-phases (i.e. morning for humans, evening for rodents) of the circadian cycle (Valentinuzzi et al., 2001; Chaudhury and Colwell, 2002; Pace-Schott et al., 2013 Woodruff et al., 2015) . Fourth, in rodents, threat exposure (i.e. predator odor) produces greater amygdala activity (i.e. Fos expression) during the active relative to inactive phase of the circadian cycle (Funk and Amir, 2000) . Fifth, circadian rhythmicity of amygdala activation has recently been observed during a sustained attention task under conditions of extended (e.g. 42 hours) wakefulness . Sixth, bright light intervention, a promising treatment of depression and anxiety, normalizes circadian disruption and leads to reduced amygdala reactivity to emotional faces (McClung, 2007; Dodson et al., 2010; Fisher et al., 2014; Lam et al., 2015; Nussbaumer et al., 2015) .
Here, we sought to extend this prior work by examining whether threat-related amygdala reactivity varies according to time of day among 1043 young adult volunteers. We further explored whether sleep quality (Balbo et al., 2010; Hosseini et al., 2014; Ly et al., 2015) , moderates associations between time of day and amygdala reactivity. Based on evidence that negative affect and cortisol concentrations peak in the morning and that rodent amygdala reactivity to threat and related behaviors (e.g. fear conditioning) are potentiated during the active phase of the circadian cycle, we hypothesized that amygdala reactivity would be highest during the morning and lowest during the afternoon and evening. Further in light of evidence that sleep deprivation enhances amygdala reactivity to threat (Yoo et al., 2007; Motomura et al., 2013 Motomura et al., , 2014 Simon et al., 2015; Reidy et al., 2016) , we predicted that temporally-dependent amygdala reactivity would be moderated by subjective sleep quality.
Materials and methods

Participants
Neuroimaging data that were fully processed by 06 January 2015 were available from 1156 participants who completed the ongoing Duke Neurogenetics Study (DNS). The DNS assesses a wide range of behavioral, experiential, and biological phenotypes among young-adult (i.e. 18-to 22-year old) college students. Each participant provided informed written consent prior to participation in accord with the guidelines of the Duke University Medical Center Institutional Review Board and received $120 remuneration. All participants were in good general health and free of DNS exclusion criteria: (i) medical diagnosis of cancer, stroke, diabetes requiring insulin treatment, chronic kidney or liver disease or lifetime psychotic symptoms; (ii) use of psychotropic, glucocorticoid or hypolipidemic medication, and (iii) conditions affecting cerebral blood flow and metabolism (e.g. hypertension). Current DSM-IV Axis I and select Axis II disorders (Antisocial Personality Disorder and Borderline Personality Disorder) were assessed with the electronic Mini International Neuropsychiatric Interview (Sheehan et al., 1998) and Structured Clinical Interview for the DSM-IV Axis II (SCID-II) (First et al., 2002) . These disorders are not exclusionary as the DNS seeks to establish broad variability in multiple behavioral phenotypes related to psychopathology.
The final sample consisted of 1043 participants after quality assurance (age ¼ 19.71 6 1.25; 477 males; 209 with a DSM-IV Axis I disorder; Supplementary Table S1 ; 478 European Americans, 119 African-Americans, 275 Asians, 62 Latinos, and 109 of Other/Multiple racial origins according to self-report). Participants were excluded (n ¼ 113) for scanner-related artifacts in fMRI data (n ¼ 26), problems with task presentation (n ¼ 6), incidental structural brain abnormalities (n ¼ 4), a large number of movement outliers in fMRI data (n ¼ 34; see ART below), poor behavioral performance (n ¼ 36), scanner malfunction (n ¼ 2), study non-completion or incomplete data (n ¼ 5).
Sleep quality, state anxiety and time of scan
The Pittsburgh Sleep Quality Inventory (PSQI; Â¼4.94, r ¼ 2.50, a ¼ 0.612, min ¼ 0, max ¼ 12.7304, skewness ¼ 0.694) was used to measure global sleep quality and sleep-related symptoms over the past month (Buysse et al., 1989) . Time of scan (TOS) was logged as the time that the scan began (8 am-7 pm; Â¼ 12:36 pm, r ¼ 2.3 h). A subset of participants (n ¼ 730) additionally completed the state version of the State-Trait Anxiety Inventory immediately prior to the scanning session (STAI; Â¼29.29, r ¼ 6.91, a ¼ 0.614, min ¼ 15, max ¼ 67, skewness ¼ 1.236) which was used to measure the participant's current anxiety state (Spielberger et al., 1983) .
BOLD fMRI paradigm
Our amygdala reactivity paradigm has been described in detail previously (Carré et al., 2012; Demers et al., 2016) . Briefly, this task consists of four blocks of a face-processing task interleaved with five blocks of a sensorimotor control task. In emotionspecific (i.e. anger, fear, neutral, surprise) face matching blocks, participants view a trio of faces and indicate which of the two faces presented on the bottom, matches the target face displayed on top. Within face matching blocks, six face trios were presented for 4 s, with a variable inter-stimulus interval of 2-6 s, for a total block length of 48 s. During control blocks, participants match geometric shapes (ellipses). Each sensorimotor control block had six different shape trios, each presented for 4 s, with a fixed inter-stimulus interval of 2 s, for a total block length of 36 s. Our contrast of interest was all face blocks relative to control blocks (Faces > Shapes), which reflects broad threat-related activity of the amygdala (Yoon and Zinbarg, 2008; Mattavelli et al., 2014) .
BOLD fMRI data acquisition
Each participant was scanned using a research-dedicated GE MR750 3T scanner equipped with high-power high-duty-cycle 50-mT/m gradients at 200 T/m/s slew rate, and an eightchannel head coil for parallel imaging at high bandwidth up to 1 MHz at the Duke-UNC Brain Imaging and Analysis Center. A semi-automated high-order shimming program was used to ensure global field homogeneity. A series of 34 interleaved axial functional slices aligned with the anterior commissure-posterior commissure (AC-PC) plane were acquired for fullbrain coverage using an inverse-spiral pulse sequence to reduce susceptibility artifact (TR/TE/flip angle ¼ 2000 ms/30 ms/60; FOV ¼ 240 mm; 3.75 Â 3.75 Â 4 mm voxels; interslice skip ¼ 0). Four initial RF excitations were performed (and discarded) to achieve steady-state equilibrium. To allow for spatial registration of each participant's data to a standard coordinate system, high-resolution three-dimensional structural images were acquired in 34 axial slices co-planar with the functional scans (TR/TE/flip angle ¼ 7.7 s/3.0 ms/12; voxel size ¼ 0.9 Â 0.9 Â 4 mm; FOV ¼ 240 mm, interslice skip ¼ 0).
BOLD fMRI data preprocessing
Images for each subject were realigned to the first volume in the time series to correct for head motion, spatially normalized into a standard stereotactic space (Montreal Neurological Institute template) using a 12-parameter affine model (final resolution of functional images ¼ 2 mm isotropic voxels), and smoothed to minimize noise and residual difference in gyral anatomy with a Gaussian filter, set at 6-mm full-width at halfmaximum (Fonov et al., 2011) . Voxel-wise signal intensities were ratio normalized to the whole-brain global mean.
Movement in single-subject whole-brain functional volumes was determined using the Artifact Recognition Toolbox (http:// www.nitrc.org/projects/artifact_detect). Individual whole-brain BOLD fMRI volumes meeting at least one of two criteria were flagged and regressed out when determining task-specific effects: (i) significant mean-volume signal intensity variation (i.e. within volume mean signal greater or less than 4 s.d. of mean signal of all volumes in time series), and (ii) individual volumes where scan-to-scan movement exceeded 2 mm translation or 2 rotation in any direction. Participants with 5% or more flagged volumes per task run were excluded from analysis (n ¼ 34, see Participants section for a full listing of all exclusionary criteria).
BOLD fMRI analysis
The general linear model of SPM8 (http://www.fil.ion.ucl.ac.uk/ spm) was used for fMRI data analyses. Linear contrasts employing canonical hemodynamic response functions estimated amygdala reactivity from the Faces > Shapes contrast for each individual. Individual contrast images were used in secondlevel random effects models to determine mean conditionspecific responses using one-sample t-tests (Faces > Shapes). A statistical threshold of P <0.05 FWE and !10 contiguous voxels was applied to our amygdala regions of interest (ROI), defined by the automatic anatomical labeling option in the Wake Forest University PickAtlas (Lancaster et al., 2000; Maldjian et al., 2003) . Consistent with prior work (Bogdan et al., 2012) and recent recommendations (Tong et al., 2016) we extracted parameter estimates from amygdala ROIs arising as a main effect of task to preclude the possibility of correlation coefficient inflation that may result when an explanatory covariate is used to select a region of interest. Amygdala reactivity data were winsorized to 3 s.d. reduce the influence of extreme outliers. As a control analysis, task-related parameter estimates were extracted from primary visual cortex ROIs, defined by 7 mm spheres centered on the peak voxels of activation within V1 (18, À90, À6 and À18, À95, À2) to examine whether time of day effects were nonspecific to our ROI of interest.
Statistical analyses
Regression-based models were tested using the R (3.1.2) 'Stats' package (R Development Core Team, 2013) . Non-parametric bias-corrected boot-strapped 95% (i.e. 2.5% and 97.5%) confidence-intervals (CI) were calculated with 10 000 replicates using the R 'boot' package (Canty and Ripley, 2012) . Because of high positive skew, STAI scores were log-transformed for all regression analyses. All models included age, sex, ethnicity (dummy-coded as separate binary variables for self-reported Caucasian, African-American, Asian, Hispanic, and Multiracial), and season as covariates. Given evidence that human brain function varies seasonally, with sinusoidal phases of activity that peak during either the summer or autumn equinoxes, depending on the task , season was controlled for with 2-year-long period sine and cosine functions.
We first tested whether Time of Scan (TOS) predicted bilateral amygdala reactivity. As a control analysis, we tested whether TOS is associated with bilateral V1 activity. Because follow-up tests demonstrated that TOS more strongly associated with left amygdala reactivity (see Results), we evaluated whether sleep quality (PSQI) moderates the effect of TOS on left and right amygdala reactivity separately. All moderation analyses included main effects and an additional 12 terms for all bivariate interactions between covariates and variables-of-interest (e.g. TOS x Sex and PSQI x Age), to better account for potential confounds (Keller, 2014; Baranger et al., 2016) . All variables were mean centered prior to the computation of interaction terms. Post hoc Johnson-Neyman and simple-slopes analyses were used to characterize the PSQI x TOS interaction. Plots were generated with the R packages 'ggplot2' and 'ColorBrewer' (Wickham, 2009; Neuwirth and Brewer, 2014) . Post hoc false discovery rate (FDR) correction for multiple tests (6 total: i.e. TOS predicting bilateral, left, and right amygdala reactivity, TOS x sleep problems predicting left and right amygdala, and TOS predicting bilateral V1 activity) was applied in R (Benjamini and Hochberg, 1995) .
Two additional post hoc analyses were conducted. First, we repeated the above analyses in the subset of participants for whom state-related anxiety data (STAI) were available, with STAI as an additional covariate to ensure that any associations between TOS and amygdala function were not accounted for by state-dependent anxiety. Second, we tested whether the effect of TOS on amygdala reactivity remained when TOS was recoded as the cosine-transformed amount of time since participants reported, on the PSQI questionnaire, that they have usually awoken over the prior month.
Simulations were conducted to estimate the sample-size needed to observe the TOS effect on amygdala reactivity and to identify the time-periods during which the effect is observed. Bootstrapped linear regression models were computed at sample-sizes from n ¼ 50 to n ¼ 1000, at intervals of 50 (e.g. 50, 100, 150 and 200). For each sample-size interval, 10 000 linear regression replicates were computed by randomly selecting, with replacement, a subsample of the given size (e.g. n ¼ 300). R 'quantile' was used to estimate the 95% CI. Sample sizes in which both CI boundaries were <0 (consistent with the negative association observed) were considered sufficient size to detect the observed effect, given the TOS distributions of our data. A sliding-window regression analysis was conducted to evaluate whether TOS effects were observed during particular times of day. Non-parametric bias-corrected boot-strapped 95% CIs were calculated with 10 000 replicates. Windows of 4 h were advanced in 30-min increments. Four hour windows were chosen to allow for morning and afternoon specific windows and to allow for the minimum sample, needed to observe an overall TOS effect in our sample within each window, n ¼ 300-350 according to the bootstrapped sample size analyses.
Results
Main effect of task and associations with sample demographics
All ROIs showed robust activation across participants (Figure 1) . Comparison of ethnicities found significant differences in selfreported sleep quality (PSQI), bilateral amygdala reactivity, prevalence of psychiatric diagnoses, and gender (PSQI: F ¼ 4.3694, P ¼ 0.0130; Psychiatric Diagnosis: v 2 ¼12.7487, P ¼ 0.0126; Gender: v 2 ¼15.559, P ¼ 0.0037; see "self-report ethnicity" section in Table 1 ). European/European-American participants had greater amygdala reactivity relative to African/ African-American and Asian/Asian-American participants. Asian/Asian-American participants had fewer diagnoses and worse sleep quality than all other groups. Hispanic participants had more diagnoses than all other groups. Proportionally fewer European/EuropeanAmerican participants identified as female, and more African-American participants identified as female In support of prior observations (Newhoff et al., 2015) , men had greater bilateral amygdala reactivity than women (t ¼ 4.6288, P ¼ 4.3Â10 À6 ; see "sex" section Additionally, pre-scan STAI was not a significant covariate in any analysis (all P > 0.4). Inclusion of psychiatric status (i.e. the presence of any DSM-IV Axis I psychopathology) as a covariate did not alter any results, was not a significant covariate in any analysis (all P > 0.3), and did moderate the association of TOS with bilateral amygdala reactivity (P > 0.24). Recoding TOS based on the cosine-transformed difference between when the scan took place and the time participants report habitually waking up resulted in a similar association with bilateral amygdala reactivity (b ¼ À0.1132, t¼À3.694, P ¼ 0.0002, LLCI¼À0.1718, ULCI¼À0.0538), and including both did not significantly improve model fit (F ¼ 1.5411, P ¼ 0.2147).
Sleep quality moderates the association between amygdala reactivity and time of scan
We next examined whether sleep quality (i.e. PSQI) (Buysse et al., 1989; Grutsch et al., 2011) , moderates the association between TOS and amygdala reactivity. Sleep quality interacted with TOS to predict left, but not right, amygdala reactivity Table S5) . Post hoc analyses revealed that relatively worse sleep quality (a higher PSQI score) was associated with increased left amygdala activity during morning hours (Johnson-Neyman significance for TOS 11:30 am). Further, partitioning participants into three equally-sized groups based on the distribution of sleep problems in this sample (low ¼ 0-4, medium ¼ 5-6, high ¼ 7-12.7), revealed that participants with relatively low and average sleep quality displayed a negative association between amygdala activity and TOS (Medium: b ¼ À0.0162, t¼À3.105, P ¼ 0.0021; High: b ¼ À0.0189, t¼À2.826, P ¼ 0.0051), while no significant association was observed among those reporting high sleep quality (b ¼ À0.0032, t¼À0.787, P ¼ 0.4319). Including psychiatric diagnosis as well as its interaction with sleep quality and TOS, did not alter the significance of the observed TOS x PSQI interaction (all P > 0.09).
Sample sizes and restricted times where the effect of time of scan is detected
Bootstrapped regressions revealed that the effect of TOS on bilateral amygdala reactivity can be detected in samples ! 350 given the distribution of TOS in this study (LLCI¼À0.0171, ULCI¼À0.0007; Table 2 ). The effect could be observed in the left and right amygdala in samples ! 300 (LLCI¼À0.0211, ULCI¼À0.0001), and 450 (LLCI¼À0.0145, ULCI¼À0.0002), respectively. Bootstrapped regressions found that the negative effect of TOS on bilateral amygdala reactivity can be reliably detected in the morning and afternoon (i.e. 8:30 am-12:30 pm and 1:30 pm-6 pm), but not within windows which include the early afternoon (12:30-1:30; Table 3 ). Analyses in the left and right amygdala found that this effect was largely driven by the left amygdala, with a reliable association in the right amygdala detected only between 2:30 pm and 5:30 pm.
Discussion
We examined whether threat-related amygdala reactivity differs depending on time of day, and whether such variation is moderated by sleep quality. Two primary findings suggest that threat-related amygdala reactivity may vary diurnally. First, consistent with our primary hypothesis, amygdala reactivity was highest in the morning and decreased over the course of the day. Second, sleep quality moderated this effect; there was a larger effect of time of scan among participants who reported an average or high level of sleep problems. More broadly, these findings suggest that neuroimaging studies of threat-related neural reactivity, much like investigations of other phenotypes that vary diurnally (e.g. cortisol (Dickerson and Kemeny, 2004) , may wish to consider TOS in study design and analyses, and further may wish to include measurements of circadian rhythms, to improve their ability to elucidate brain-behavior relationships.
Diurnal variation of cognition and related neuroimaging phenotypes
A growing neuroimaging literature suggests that timedependent effects on behavior may arise from diurnal variation of neural phenotypes. Behavioral circadian rhythms have been observed since the beginning of the 19th century in psychometric tasks assaying attention, executive function, and memory (Blatter and Cajochen, 2007; Schmidt et al., 2007; Valdez et al., 2012; Gaggioni et al., 2014) . Similarly, affect and anxiety vary diurnally, with negative affect and anxiety peaking in the morning (Clark et al., 1989; Murray, 2007; Wirz-Justice, 2008; Ayuso-Mateos et al., 2013) . Given abundant evidence that human cognition and emotion vary diurnally, it is unsurprising that there are several reports of circadian effects on task-related fMRI activation. These studies have generally found that peaks in activation coincide alongside related behavioral/cognitive function peaks. For instance, reward-related activity peaks midday, when positive affect is at its highest (Hasler et al., 2014; Masterson et al., 2015) . Similarly, diurnal variation in cognitive control and working memory is moderated by age and chronotype, of which similar effects have been observed in fMRI studies of these constructs (Marek et al., 2010; Schmidt et al., 2012 Schmidt et al., , 2015 Anderson et al., 2014) . A recent study found evidence for circadian variation of fMRI activation across the brain, in a sustained attention task under conditions of prolonged wakefulness, and notably found that different regions peaked at different times of day . The current study is particularly notable as the first study to identify that one of the major neural underpinnings of human emotion, amygdala reactivity, displays diurnal variation in the context of an emotional face task. This finding is consistent with evidence that fear conditioning, an amygdala-dependent behavior, as well as rodent threat-related amygdala activity, are potentiated during the active phase of the circadian cycle (Funk and Amir, 2000; Valentinuzzi et al., 2001; Chaudhury and Colwell, 2002; Woodruff et al., 2015) . Moreover, our control analyses of V1 suggest that this effect does not reflect more widespread diurnal variation of brain function in response to our task more generally.
We observed no correlation between pre-scan state-anxiety symptoms (STAI) and time of scan, which runs counter to a well-established literature showing diurnal variation of affect and anxiety (Clark et al., 1989; Murray, 2007; Wirz-Justice, 2008; Ayuso-Mateos et al., 2013) . However, it is important to consider these findings in the context of the current study. Unlike other studies of diurnal affect which typically ask participants to report emotional experience throughout their daily life, the present study asked participants about state-related affect directly before undergoing an MRI session, which may be conceptualized as a challenge. Indeed, it is not uncommon for participants to experience anxiety related to the MRI session, with 14% of hospital patients requiring sedation prior to an MRI session (Kieran and Brunbergz, 1997) . Thus, our data may be best interpreted as providing evidence that state anxiety before an impending MRI scan does not vary diurnally. Further, we found that pre-scan STAI was not a significant predictor of amygdala reactivity in any analysis. While there are numerous reports of associations between trait anxiety and amygdala function (Etkin et al., 2004; Etkin and Wager, 2007; Ewbank et al., 2009; Ball et al., 2012; Laeger et al., 2012; Toki et al., 2013; Binelli et al., 2014; Hilbert et al., 2014) , this result suggests that the amygdala reactivity phenotype is less influenced by the participant's current anxiety state (but see (Bishop et al., 2004; Somerville et al., 2004) for counter examples in smaller samples).
Possible mechanisms of time of day variation in amygdala function
Given the data available within this study, we are unable to probe potential biological mechanisms through which time of day may influence amygdala function. However, an emerging literature, as well as findings from the present study, points to diurnal variation of the hypothalamic-pituitary-adrenal (HPA) axis, or the circadian factors that regulate it, as a likely candidate. HPA axis activation and cortisol production follow a diurnal rhythm, wherein cortisol levels peak shortly after awakening and steadily decrease over the course of the day (Fries et al., 2009) . Notably, amygdala activation is sensitive to levels of cortisol. Basal, stress-induced, and pharmacologically increased cortisol levels predict elevated amygdala activation, both while processing emotional stimuli (van Stegeren et al., 2007; Weldon et al., 2015; Henckens et al., 2016) , as well as during the regulation of negative affect (Urry et al., 2006) .
Two findings from the present study support this interpretation. First, while cortisol levels ultimately decrease over the day, smaller cortisol increases occur, particularly during times when meals are regularly consumed, even if the meal is missed on that particular day (Follenius et al., 1982) . We found that the association between TOS and amygdala reactivity is strongest between 8:30-12:30 pm and 1:30-6 pm. That is, no effect of TOS was observed in any 4-hour window which included 12:30-1:30 pm. This effect may be related to lunch, which is often consumed during these hours, and which may have a larger impact on cortisol-dependent physiological processes than earlier meals, as basal cortisol levels are lower in the afternoon than the morning. Had more participants been scanned in the evening we would have expected to see similar associations with dinner consumption/expectation. Second, poor sleep quality, which is associated with disrupted circadian rhythmicity, is predictive of elevated morning cortisol (Hatzinger et al., 2008 (Hatzinger et al., , 2010 Balbo et al., 2010; Bostock and Steptoe, 2013; Abell et al., 2016) and we found that self-reported poor sleep quality was associated with increased amygdala reactivity among participants scanned in the morning. Notably, this finding is further congruent with prior evidence that sleep deprivation is associated with increased amygdala reactivity (Yoo et al., 2007; Motomura et al., 2013 Motomura et al., , 2014 Simon et al., 2015; Reidy et al., 2016) .
Our interpretation that TOS effects may be driven by diurnal variation of the HPA axis is also congruent with the aforementioned observation that pre-scan state-anxiety symptoms (STAI) were not associated with TOS or amygdala reactivity. Indeed, while there is strong evidence that trait anxiety is linked to an elevated cortisol awakening response (Mantella et al., 2008; Adam et al., 2014) , associations between state anxiety and cortisol are mixed, and have typically been examined in the context of stress-related cortisol reactivity. While some studies have reported no association between state anxiety and cortisol (Noto et al., 2005; Polk et al., 2005; Brooks and Robles, 2009; Keulers et al., 2014) , there is also evidence that the association between state anxiety and cortisol is moderated by trait anxiety (Shackman et al., 2016; Villada et al., 2016) , familiarity with the stressor (Carré et al., 2006; Hare et al., 2013; Federenko et al., 2004) , and physical fitness (Rimmele et al., 2007 (Rimmele et al., , 2009 Klaperski et al., 2013) .
A linear model best fit our data, despite evidence that circadian rhythms follow sinusoidal patterns of variation (Herzog, 2007) . Given our hypothesis that HPA axis activation is a strong contributor to diurnal variation of amygdala reactivity, we anticipate that activation peaks soon after wakening. Thus, a linear fit may simply be due to the relatively restricted times of scan used in this study. We would expect that sinusoidal variation would be observed if extended scanning throughout the day, including just after awakening and immediately before sleeping, were employed .
It should be noted that there are many other potential biological mechanisms which may also contribute to diurnal variation in amygdala reactivity. Indeed, as human physiology is inherently circadian, due to adaptation to the day/night cycles of the Earth, an exhaustive list is impossible (Herzog, 2007) . Here we briefly list three strong additional candidates. First, circadian variation of gene expression is a likely candidate, as many gene transcripts vary in their expression in a circadiandependent fashion throughout the postmortem human brain, including in the amygdala (Li et al., 2013; Bunney et al., 2015; Chen et al., 2015) . Second, circadian variation of neurotransmitter release, including dopamine, serotonin, and opioids, which has been primarily noted in rodent studies, likely contributes to diurnal variation of human brain function (Asai et al., 1998; Monnet, 2002; Castañeda et al., 2004; Ferris et al., 2014) . Third, inflammatory processes, which have been shown to affect amygdala function (Inagaki et al., 2012; Muscatell et al., 2015 Muscatell et al., , 2016 , also follow circadian patterns of variation (Keller et al., 2009; Narasimamurthy et al., 2012; Gibbs et al., 2014) . It is likely that these three processes act in concert with the HPA axis, as well as other systems, to influence diurnal variation of human brain function.
Left amygdala laterality
Across TOS analyses, activation in the left amygdala produced consistently stronger effects than activation in the right (though the right amygdala always showed the same direction of effect as the left amygdala when the left amygdala showed a significant association). Meta-analyses have found that blocked design tasks more robustly recruit the left relative to the right amygdala, and that left amygdala reactivity is more commonly associated with behavior (Baas et al., 2004; Costafreda et al., 2008; Sergerie et al., 2008) . While the reason for such lateralization is unclear, some evidence suggests that the left amygdala plays a greater role in conscious emotional processing (Gainotti, 2012) . As a result, it is possible that our blocked task design with overt emotional stimuli may result in relatively potentiated associations in the left, relative to right, amygdala. Notably, while some additional evidence suggests that the right amygdala habituates more quickly (Wright et al., 2001) , we observed no habituation differences across blocks between hemispheres (see Supplementary Data).
Implications for study design and analysis
Prior studies of amygdala activation to threatening faces have found a range of test-retest reliability intra-class correlation coefficients, with ICC values from À0.02 to 0.79 (Johnstone et al., 2005; Manuck et al., 2007; Plichta et al., 2012; Sauder et al., 2013) . Such a wide range of reported values may be explained by the presence of additional confounding factors. Indeed, despite the relatively small effect size observed in the present, crosssectional, sample (b ¼ À0.1083), our results suggest that controlling for time of scan would increase the test-retest reliability of amygdala reactivity. Time of scan may also be a useful covariate in studies designed to detect relatively small effects (e.g. genetic analyses). Moreover, we detect an effect of TOS even though additional (and potentially more sensitive) markers of circadian rhythms were not collected [e.g. cortisol, melatonin, chronotype, or actigraphy (Emens et al., 2009; Fries et al., 2009; Grutsch et al., 2011; Schmidt et al., 2015) ]. Including these measurements in future studies will most likely further improve power in studies of amygdala function.
Limitations
The present study should be interpreted in the context of limitations. First, as this is an analysis of an archival dataset, several measures that would have been particularly relevant to our speculation that circadian differences may mediate associations between time of scan and amygdala function were not available. These include diurnal salivary melatonin and cortisol, diurnal levels of activity via actigraphy, self-report of chronotype, and circadian (e.g. PER1, PER2) gene expression. Second, while our models imply a direction of effect, we cannot determine if variability in one phenotype precedes variability in another (e.g. it is possible that trait-related elevations in amygdala activity led individuals to schedule an earlier scan time). Notably, we found no association of time of scan with demographic factors, state anxiety symptoms, or the presence of a psychiatric disorder, suggesting that between-participant differences on these phenotypes did not confound scan time scheduling. A follow-up within-subject study, with extensive time of scan counterbalancing across multiple days, due to known effects of repeated exposure on amygdala activation (i.e. habituation (Plichta et al., 2014) , would be especially informative. A third limitation is that self-report measures of sleep quality are poor predictors of objective measures of sleep quality, which were not collected in the present study (Grandner et al., 2006; Lemola et al., 2013; Landry et al., 2015) . However, it should be noted that, while the interaction of time of scan with self-report sleep quality (PSQI) was analyzed in a continuous fashion, post hoc comparisons suggest that this interaction was primarily driven by a difference between participants with relatively good sleep quality (e.g. PSQI < 5) and all others (including those with average sleep quality). Thus, even accounting for the low correlation between subjective and objective sleep quality measures, it is plausible that this group of low sleep-disruption participants may truly have higher sleep quality. Finally, it should be noted that a previous study identified amygdala activation which peaked later in the day than the peak observed in the present study , in the context of a sustained attention task under conditions of prolonged wakefulness. This result suggests that diurnal peaks in brain activation may be context-specific, and that the peak amygdala reactivity observed in the present study may not generalize to other paradigms (e.g. positive affect).
Conclusions
Limitations notwithstanding, we provide initial evidence that amygdala reactivity may vary in a diurnal manner, decreasing over the course of the day. Future studies with samples greater than n ¼ 300 might be able to replicate this effect, depending on when scanning was conducted. Further, self-reported sleep disruption was associated with amplified associations between TOS and amygdala function. More broadly, these results suggest that time of scan scheduling should be considered in studies of emotional-related neural circuitry or potentially included as a covariate or moderating factor.
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